Thermal methods of sludge disintegration can be divided into high temperature (over 100°C) and low temperature (below this temperature). They consist in the supply or removal of thermal energy, contributing to the changes in sludge structure and physicochemical properties. During the chemical disintegration of excess sludge with sodium hydroxide, there is an increase in the pH value, as well as changes in their structure. The OH-ions are highly toxic to the microorganisms living in the excess sludge and affect the decline of biological activity of most microorganisms. The aim of the conducted research was to prove the impact of the thermal and alkaline disintegration of excess sludge on the susceptibility of organic substances to biodegradation. The thermal disintegration of excess sludge was carried out in a shaking water bath, in which the sludge placed in laboratory flasks with an active volume of 0.5 L were heated for a specified period within the scope of the so-called low temperatures, i.e. 65-95 °C. The sludge was heated for a period of 0.5-12 h. The alkaline disintegration of the sludge was carried out with sodium hydroxide in the form of dust at ambient temperature, in sealed plastic bottles with an active volume of 5L, the contents of which were mixed manually every few hours. The regent doses in the range of 0.05-1.3 g NaOH/g VSS and disintegration time 12h were used. As a result of subjecting the excess sludge to disintegration by means of the selected methods, an increase in the concentration of organic substances in the dissolved form in the supernatant liquid was noted. On the basis of the increase in SCOD, TOC value and VFAs concentration, the most favorable modification conditions were determined. As a result of disintegration of the sludge and subsequent methane fermentation, the supporting effects of the applied modification methods were observed, in relation to the conventional methane fermentation of excess sludge.
INTRODUCTION
Excess sludge formed as a result of wastewater treatment with the waste activated sludge method is directed to separate closed fermentation chambers during the technological process of the wastewater treatment plant. The excess sludge generated in the processes of highly effective methods of wastewater treatment contains about 97% water and 30% to 50% mineral substances. According to Stier and Fischer [Stier and Fischer, 1989 .], the excess sludge is characterized by a significant content of organic matter at the level of 65-75% of dry matter. In addition, the excess sludge is characterized by limited biodegradability resulting from the large number of facultative bacteria present in it. Therefore, it is advisable to subject the excess sludge to disintegration, leading to a change in its structure. In addition, liquefaction of high-molecular compounds contained in the sludge is observed, which available for anaerobic microorganisms conducting the methane fermentation process [Erden and Filibeli, 2010; Kidak et al, 2009; Nanzai et al. 2009; Stier and Fischer, 1989; Zielewicz et al., 2008] .
Disintegration of sewage sludge is a dynamically developing issue conditioning the effectiveness of the anaerobic stabilization process. It is a process involving the introduction of external energy into the sludge to destroy the structure of the sludge, as well as the cell membranes of microorganisms present in the sewage sludge. The destruction of the sludge structure by external forces affects the release of intracellular components that condition faster and more intense stabilization. The use of disintegration reduces the time of the anaerobic stabilization process, accelerates the hydrolysis process by transferring the organic charge from the solid phase of the sludge to the dissolved phase. The disintegration effect is the increase in the concentration of organic substances in dissolved form, expressed in the increase in the values of indicators such as: total organic carbon TOC, soluble chemical oxygen demand (SCOD), volatile fatty acids (VFAs) [Grübel, 2013; Wojtowicz, 2006] .
Chemical disintegration is one of the effective methods of sludge disintegration. The chemical methods of disintegration, the essence of which is based on energy from chemical reactions, can be divided into the oxidation and neutralization processes. It involves the use of acid solutions, bases, detergents, antibiotics or organic solvents that effectively destroy the lipoproteins from the cell walls of microorganisms, lead to denaturation of proteins and, as a result, contribute to the deactivation of microorganisms living in excess sludge. An increase or decrease in pH causes a decrease or total loss of the biological activity of most microorganisms [Bednarski and Fiedurka, 2007; Marcinkowski, 2004.] . The OH-ions are highly toxic to the microorganisms living in the excess sludge and affect the decline of the biological activity of the microorganisms [Kim et al., 2003; Saktaywin et al., 2005; Stier and Fischer, 1989 ; Tak-Hyun Kim et al., 2009 ]. The hydroxides containing one hydroxyl group (OH) cause a greater increase in the proportion of soluble chemical oxygen demand (SCOD) in total chemical oxygen demand (TCOD) than the hydroxides with two hydroxyl groups. Chemical modification is often used in combination with other methods to obtain the so-called hybrid processes [Wolny et al., 2008] .
The thermal methods of sludge disintegration can be divided into high temperature (over 100°C) and low temperature (below this temperature). They consist in the supply or removal of thermal energy to sludge, contributing to the changes in their structure and physicochemical properties [Iskra and Miodoński, 2014; Panter, 2014; . This method consists in heating the excess sludge to a temperature at which the disintegration of microbial cells in the sludge, as well as the decomposition of biopolymers that form this sludge, occur. By subjecting the sludge to thermolysis, the microbial cell breaks down, and the amount of biological material present inside them is released. This increases the total organic carbon content in the aqueous phase to a great extent. The excess sludge liquefies due to the hydrolysis of complex organic compounds. Polysaccharides, lipids and proteins when heated in the presence of water form water-soluble mono-and oligomers, respectively [Podedworna and Umiejewska, 2008; Zheng et al., 1998 ]. According to Zawieja et al. [Zawieja et al., 2010] , the effectiveness of thermal sludge modification depends on both the evaporation temperature and the disintegration time.
Submitting of the excess sludge to disintegration at temperatures over 200°C promotes the formation of refractive compounds that show low biodegradability [Stuckey and McCarty, 1984] .
The aim of the conducted research was to prove the impact of the thermal and alkaline disintegration of excess sludge on the susceptibility of organic substances to biodegradation. The disintegration of sludge before the methane fermentation process plays an important role due to the fact that the transfer of nutrients from the activated sludge microorganisms to the anaerobic microorganisms responsible for the anaerobic stabilization process can only occur as a result of the hydrolysis process. As a result of disintegration, the lysing processes are initiated. In the anaerobic treatment of sludge, the hydrolysis process significantly determines the speed of the entire methane fermentation process.
EXPERIMENTAL PART

Substrate of the research
The excess sludge constituted the basic substrate of the research, which was taken from a mechanic-biological wastewater treatment plant. The wastewater treatment plant receives wastewater consisting in volume of 77% of municipal wastewater and 23% of industrial wastewater from a fiberboard production plant. The industrial wastewater contains, among others, dissolved and colloidal substances, i.e.: resins, waxes, tannins, dyes separated from wood and their breakdown products, carbohydrates (glucose, mannose, arabinose, xylose) and suspended, i.e. wood fiber. Therefore, the sludge from fiberboard production, according to the literature [Zhongtang and Mohn, 2001] , show limited susceptibility to the methane fermentation process and it is advisable to disintegrate them.
The sludge samples were subjected to analysis and technological research on the day of collection. All indicators were determined using a three-point repetition. The excess sludge used for the research was sampled directly before mechanical thickening. Table 1 presents general characteristics of the researched sludge, including the values of selected indicators.
Methodology of the research
The thermal disintegration of the excess sludge was carried out in a shaking water bath, in which the sludge placed in laboratory flasks with an active volume of 0.5 L were heated for a specified period within the scope of the so-called low temperatures, i.e. 65-95°C. The sludge was heated for a period of 0.5h -12h.
The alkaline disintegration of the sludge was carried out with sodium hydroxide in the form of dust at ambient temperature, in sealed plastic bottles with an active volume of 5L, the contents of which were mixed every few hours. The regent doses in the range of 0.05 -1.0 g NaOH/g VSS and disintegration time 12h were used.
In the case of conducted research, the following indicators were determined:
• total solids (TS) and volatile suspended solids (VSS) according to PN-EN-12879, • soluble chemical oxygen demand (SCOD) by the dichromate method using spectrophotometer tests by HACH 2I00N IS according to ISO 7027, • volatile fatty acids (VFAs) according to PN-75/C-04616/04, • the total organic carbon (TOC) value with spectrophotometric method in the infrared (carbon analyzer multi N/C manufactured by Analytik Jena), • pH according to PN-91/C-04540/05, • as well as disintegration degree (DD SCOD ) estimated in accordance with the equation given by Thiem and others [Müller, 1996] .
The percentage increase in SCOD, i.e. DD SCOD , was calculated according to the equation
where: DD SCOD -degree of sludge disintegration,%; SCOD d -chemical oxygen demand determined in the filtrate after 0.45µm filter, for the sample after disintegration, mg O 2 /L; SCOD 0 -chemical oxygen demand determined in the filtrate after 0.45µm filter, for the sample before disintegration, mg O 2 /L; SCOD a -chemical demand for oxygen determined in the filtrate after a chemical disintegration process with a 1-mol NaOH solution in a volume ratio of sediments to a 1:1 solution at 90 o C for 10 minutes, mg O 2 /L. The SCOD of the reference sample was equal to 3438 mg O 2 /L As a result of subjecting the excess sludge to disintegration by means of the selected methods, an increase in the concentration of organic substances in the dissolved form in the leachate was noted. On the basis of the increase in soluble chemical oxygen demand (SCOD), total organic carbon (TOC) value and volatile fatty acids (VFAs) concentration, the most favorable modification conditions were determined.
The following mixtures of sludge were subjected to methane fermentation:
• non-conditioned excess sludge + digested sludge (inoculum); • chemically disintegrated excess sludge using sodium hydroxide with the dose 0.15 g 
RESULTS AND DISCUSSION
Determination of the conditions of alkaline disintegration of excess sludge
As a result of subjecting the excess sludge to chemical disintegration, an increase in the concentration of organic substances in the dissolved form in the supernatant liquid was noted. On the basis of the increase in SCOD, TOC value and VFAs concentration, the most favorable modification conditions were determined. Moreover, the pH of the modified sludge was determined. Figure 1 shows the changes of the SCOD values determined in the leachate of excess sludge subjected to alkaline disintegration, while figure 2 presents the changes in the pH value of the sludge leachate undergoing chemical disintegration.
As a result of submitting the excess sludge with the alkaline disintegration at doses in the range from 0.05 to 1.3 g NaOH/g VSS, the SCOD values were obtained in the range from 1700 to 8768 mg O 2 /L (Figure 1) . The SCOD value of the leachate increased along with the dose of the reagent increased. However, a similar SCOD value was obtained for doses of 0.7, 1.0, 1.15 and 1.3 g NaOH/g VSS.
The alkaline disintegration of excess sludge with sodium hydroxide, along with an increase in the dose of reagent, caused the pH of the supernatant to increase. In the range of used sodium hydroxide (from 0.05 to 13 g NaOH/g VSS during 12h) the pH of the leachate increased from 6.8 (sample 0) to 12.8. For technological reasons, the dose 0.15 g NaOH/g VSS was considered optimal, recording the pH value of 7.4. Figure 3 presents Figure 4 .
The highest value of VFAs concentration i.e. 1691 mg CH 3 COOH/L was noticed for the dose of 1.3 g NaOH/g VSS of sludge. With the increase of the reagent dose, the increase of the volatile fatty acids concentration of was observed. In addition, for the dose of 0.15 g NaOH/g VSS, the concentration of VFAs was equal to 428 mg CH 3 COOH/L. This dose of reagent was considered, due to the methane fermentation process conditions, especially pH value, the most favorite. Figure 5 presents the changes of the disintegration degree (DD) values of the sludge undergoing the alkaline disintegration.
As a result of subjecting the excess sludge to the alkaline disintegration for the tested reagent doses, the disintegration degree of sludge was obtained in the range from 7.9 to 91.6%. According to Rajan et al. [Rajan et al., 1989 ] as a result of excess sludge subjecting to the alkaline disintegration with sodium hydroxide, about 46% disintegration degree was obtained, while Penaund et al. [Penaund et al., 1999 ] achieved a disintegration degree of approximately 65%.
As a result of initiating the thermolysis process of organic substances contained in modified excess sludge, an increase in the concentration of organic matter in dissolved form was noted. A proportional increase in the value of tested physicochemical indicators was observed along with the increase of temperature and preparation time. Figure 6 shows the changes of SCOD values determined in the leachate of excess sludge subjected to thermal disintegration, while Table 2 presents the most favorable conditions for thermal modification of excess sludge. The data presented in Figure 8 show that the soluble chemical oxygen demand (SCOD) values of the modified excess sludge increased along with the temperature and modification tim,. In the case of thermal modification at 70°C, in relation to the tested values of temperature, for the time of 6h the optimum increase of SCOD equal 3876 mgO 2 /L was noticed. In addition, in relation to the initial value of SCOD, determined for the non-modified sludge, a 4-fold increase in the value of the mentioned indicator was obtained for the above-mentioned disintegration conditions. Myszograj et al. [Myszograj et al., 2013] received for the modification time of excess sludge 2h and preparation temperature of 175°C, about 54% increase in SCOD value, while Borges and Chernicharo [Borges and Chernicharo, 2009 ] for 75°C temperature and 7h time about 35% increase in SCOD value. The changes of total organic carbon values in time for different values of temperature are presented in Figure 7 . Table 3 shows, the most favorable conditions for the thermal disintegrated excess sludge evaluated on the basis of the increase in the TOC value.
It was noted that the changes of the TOC values observed in the leachate of the thermal disintegrated excess sludge, correlate with the changes in the SCOD values. In relation to the initial value of TOC, determined for non-modified sludge, a 4-fold increase of the value of the tested indicator was obtained for the temperature of 70°C and the time of pretreatment of 6h. The changes of the volatile fatty acids concentration in leachate of alkaline disintegration excess sludge are shown in Fig. 8 . Table 4 shows the most favorable conditions for the thermal disintegrated excess sludge evaluated on the basis of the increase in the VFAs concentration.
It was observed that the VFAS concentration in the leachate gradually increased along with the temperature of preparation and Figure 9 presents the changes of the disintegration degree (DD SCOD ) values of the sludge undergoing thermal disintegration. As a result of subjecting the excess sludge to thermal disintegration for the tested values of the temperature, the disintegration degree of sludge was obtained in the range from 0.7 to 34.1%. For a modification temperature of 75°C and a preparation time of 6h, the disintegration degree was 33.7%. It was noted that for higher temperature values, i.e. 75, 86 and 95°C, and modification time in the range from 6 to 12 hours, a similar value of disintegration degree was obtained. Karczmarek and Gaca [Karczmarek and Gaca, 2015] obtained the disintegration degree in the range of 51 to 66% for a temperature in the range of 160 -170°C and pressure of 6 bar. On the other hand, Zawieja et al. ] obtained a 75% disintegration degree for a temperature of 90°C and modification time of 3 hours.
Conventional methane fermentation and aided disintegration process
In order to increase the susceptibility to biodegradation, the excess sludge was subjected to a disintegration process. The excess sludge generated in the effect of advanced wastewater treatment by means of the activated sludge method shows low biodegradability. As a result of subjecting the alkaline, as well as the thermal disintegrated excess sludge to methane fermentation, increases in the soluble chemical oxygen demand (SCOD) and total organic carbon (TOC) values were noted in subsequent days of the methane fermentation process. The observed increase in the digestion degree of sludge confirmed the supporting effect of both the alkaline and thermal modification methods of excess sludge. As a result of combining the disintegration process with the methane fermentation process, the concentration of organic substances in the dissolved form was increased in relation to conventional methane fermentation. The intensification of the hydrolytic phase of the process was observed. Table 5 shows the values of the digestion degree of sludge and the maximum values of indicators, such as SCOD, VFAs and TOC determining the course of the methane fermentation process. 
Fig. 9. Disintegration degree of excess sludge submitted thermal modification
In the methane fermentation process of the alkaline disintegrated sludge with the dose 0.15 g NaOH/g VSS, the highest values of the analyzed indicators, i.e. SCOD, TOC and VFAs concentration, were obtained on the 3th day of the process. A 27% digestion degree of sludge was noticed. In the case of methane fermentation of the thermally disintegrated excess sludge at temperature of 70°C, the highest values of the mentioned indicators were obtained on the 4th day of the process. A 30% digestion degree of sludge was obtained. For methane fermentation of the excess sludge disintegrated at 60 and 80°C (preparation time 1h), Riyadh et al. [Riyadh et al., 2012 ] obtained about 7 and 17% increase in the digestion degree of sludge, in relation to methane fermentation of untreated sludge. Figure 10 presents the values of the VFAs/Alkalinity ratio noticed during the process of methane fermentation.
In the following days of the methane fermentation process of the untreated sludge, as well as the sludge subjected to disintegration, a gradual decrease in the VFAs/Alkalinity ratio was noted, which indicates the correctness of the stabilization process.
CONCLUSIONS
The disintegration is a promising technology to improve the biodegradability of the excess sludge. In order to increase the concentration of organic matter of the excess sludge in the dissolved form, the excess sludge was subjected to the alkaline and thermal modification. It should be emphasized that the excess sludge arising in the processes of advanced wastewater treatment with the activated sludge method shows limited susceptibility to the methane fermentation process. As a result of subjecting the excess sludge to the selected disintegration method, an increase in the value of SCOD and TOC as well as an intensification of VFAs generation was noted. In the case of methane fermentation of the modified sludge, in relation to conventional methane fermentation, the supporting effect of the chemical and physical methods on the process was observed. An increase in the digestion degree as well as the values of the tested physicochemical indicators was obtained. As a result, the following conclusions were drawn: 1. In the case of the alkaline disintegration for the selected doses of the reactant, an increase in liquefaction of excess sludge was observed compared to the non-conditioned sludge. The dose of 0.15 g NaOH/g VSS was recognized as the most beneficial for technological reasons of the methane fermentation process. For the tested reagent dose, a pH value of 7.4 was obtained. 2. The thermal modification of the excess sludge led to the increase of the concentrations of organic substances in dissolved form with respect to the values obtained for the non-conditioned sludge. In the case of the thermal disintegration at 70°C, in relation to the tested values of temperature, for the preparing time of 6h the highest increases of SCOD, DDSCOD, TOC and VFAs concentrations were obtained. 3. In the 10-day conventional methane fermentation process, about 19% digestion degree was obtained, while in the case of the alkaline and thermal disintegrated excess sludge, about 27 and 30%, respectively. The highest value of indicators such as SCOD, TOC and VFAs obtained on the 3th and 4th day of the process, indicate the intensification of the course of the hydrolysis phase.
